Abstract-We report progress in developing a Focusing DIRC with very good timing resolution. This basic detector development has been motivated by a possible upgrade of the very successful BaBar DIRC particle identification detector for a future Super B-factory. We have built a single bar full size prototype, which aims to reduce the chromatic error by precise timing, and to remove the effect of bar thickness with a focusing mirror. This paper describes the design of the prototype, and systematic studies of the timing resolution and position response for single photons for two 64-pixel detectors: (a) Hamamatsu Flat Panel PMTs, and (b) Burle MCP-PMTs. To test the prototype, we have developed new electronics for ~300 pixels capable of measuring a single electron timing resolution to ~100ps. We also report on a first measurement of aging with the MCP-PMT.
INTRODUCTION
The DIRC detector at the BaBar experiment provided excellent particle identification performance [1, 2] . Because of this success, our group is attempting to develop a next generation DIRC, which is capable of not only measuring an x&y coordinate of each photon with similar angular resolution to the present BaBar DIRC, but, in addition, each photon's time-of-propagation (TOP 1 ) through the Fused Silica bar with ~100ps timing resolution (the present BaBar DIRC has a timing resolution of only σ ~1.6ns). This new capability will allow a correction of the chromatic error by timing. In addition, the precise timing will help to suppress the background, which would be probably necessary at any future Super B-factory. The focusing element will also remove the bar thickness from the resolution consideration. The smaller pixel size will reduce the overall size of the photon detector, 2 which will also help to reduce the background . A DIRC-like detector equipped with the modern fast photon detectors appears to be the only PID system capable of correcting out the chromatic error, at least in principle. To do that one needs to achieve 100-200ps timing resolution per single photon 3 . The present efforts of our group are aiming to develop a reliable photon detector, learn how to achievẽ 100ps single photon timing resolution on a scale of ~300 channels, and decide how to best develop electronics on much larger scale for the future. We have built a full length, single bar prototype that will be + Visiting from the Institute of Experimental and Applied Physics, Czech Technical University, CZ-12800 Prague 2, Czech Republic.tested in the beam at SLAC soon. The prototype has a single DIRC bar of ~3.6 meters length, and a focusing element made of a 50 cm focal length spherical mirror placed in a small optical box filled with mineral oil, which is the coupling medium between the bar and six 64-pixel photon detectors. The system is instrumented with ~300 channels of electronics. Figure 1 shows the concept and practical realization of the Fast Focusing DIRC prototype. This prototype is the first version of an "Fast Focusing DIRC" [3] , however, it will not work in a magnetic field as yet, and the volume between the bar and the photon detectors is simply filled with mineral oil, instead of an expensive solid Fused Silica focusing piece, which would provide higher transparency near 300nm. Fig. 1a shows how the prototype's spherical mirror is designed to remove the effect of bar thickness on the resolution. The optics defines a focal plane where the photon detectors are located. The prototype's photon detection is based on six 64-pixel photon detectors, four Burle MCP-PMTs, and two Hamamatsu Flat-panel MaPMTs. One should add that the prototype was designed to study the chromatic effects in the beam, and no effort was made to optimize it for any real application as a particle identification device. Fig. 1a also shows schematically a calibration system for the detectors using PiLas laser diode. The prototype is on the beam line at SLAC, being tested with PiLas laser diode light pulses. It should be ready to take beam data sometime during the spring of 2005. Table 1 ). Figure 2a shows various efficiencies 4 for a perpendicular track entering the Fast Focusing DIRC prototype in the middle of its acceptance, if "it would be placed into BaBar" [4] . In this design, the detector optical box is filled with mineral oil from the KamLand experiment, which simplifies the construction and makes it affordable at this particular stage. This is not our first choice, as the mineral oil does not have as good transmission near 300 nm as, for example water. 5 On the other hand, its refraction index is a better match to Fused silica, as one can see in Fig. 2b. Fig. 2c shows an estimate of the relative final detection efficiency of the Fast Focusing DIRC prototype and the present BaBar DIRC, assuming the KamLand mineral oil transmission, the Burle's recently quoted MCP-PMT QE, and the best present estimate of future MCP-PMT collection and boundary efficiencies by Burle Co. Ultimately, we would propose to construct a Fast Focusing DIRC similar to Fig. 3 [3] . Table 1 compares expected contributions to the Cherenkov angle resolution of the present BaBar, the Fast Focusing DIRC prototype, and the final Fast Focusing DIRC [3] . 4 With a new MCP-PMT according to Table 2 , we estimate No ~29 cm -1 , and Npe/track ~27 for Θtrack = 90 o in the middle of the acceptance. 5 One should point out, however, that no attempt was made to clean this oil in any special way, and further transmission improvements are likely. [4] . The simplified calculation assumes that the track is perpendicular to bar. It considers only photons propagating in y-z plane; the track momentum is 4 GeV/c, and the bar effective length is either 7 or 3.5meters depending where the particle enters the bar. The Focusing DIRC prototype is ~3.6m long, therefore, we expect up to ~2ns timing shift across the bandwidth of the Bialkali photocathode. A timing resolution at a level of 100-200ps σ will be able to start measuring this effect. (b) Correlation between the chromaticity of the TOP variable and the corresponding chromatic change in the Cherenkov angle.
PROTOTYPE DESCRIPTION
Timing dependence on the chromaticity in a 3.6-meter long DIRC bar is shown in Fig. 4a for a track entering the bar perpendicularly [4] . We expect up to ~2ns timing shift due to chromaticity, depending where the particle enters the bar, and given the wavelength bandwidth of the Bialkali photocathode. Timing resolution at a level of 100-200ps will be able to determine this quite well. One should add that the TOP variable and the Cherenkov angle correlate with each other over the chromatic bandwidth -see Fig 4b. Based on the values in Table 1 , one can predict the expected pi/K separation in the Fast Focusing DIRC prototype and compare it with the performance expected in BaBar DIRC and the final Fast Focusing DIRC -see Fig. 5 . The assumptions which went into this calculation were: (a) in case of the Focusing DIRC, we assume ~6mm 2 pixel size, completely corrected chromatic error, optics to remove the bar thickness, no loss of photons in the photon detectors, and (b) in case of the ultimate DIRC, we assume, in addition, an "infinitely precise" photon detector and additional improvements in the tracking. Clearly, the detector assumptions in both cases are not 100% realistic, and therefore one should take Fig. 5 as an illustration only. A full scale MC is needed. Table 1 for the present BaBar DIRC, the Fast Focusing DIRC prototype, and a final Fast Focusing DIRC [3] .
The detectors under study presently for the Focusing DIRC prototype are various versions of Burle MCP-PMTs and Hamamatsu MaPMTs, each having 64 pixels. Table 2 shows the present and future specifications of the Burle detector. One should note that the total fraction of "in time" photoelectrons is rather low, ~50% even in the best case in future tubes. Table 3 shows similar data for the Hamamatsu MaPMT. One should add a small comment that we are perfectly open to other new detector ideas, if proven to be practical, such as SiPM detectors [5] . (a) (b) 
TIMING MEASUREMENTS
We have already shown in Ref. 6 that one can achieve good timing resolution performance with a few detector pixels. This paper shows the performance of much larger system with ~300 pixels. As one would expect, many things get correspondingly tougher. We have developed fast amplifiers based on a pair of two Elantek 2075 chips producing a voltage gain of 130x (this gain is needed for MCP-PMTs) with a ~1.5ns rise time. The constant-fraction discriminators (CFD) are coupled to a system of time-to-amplitude converters (TAC), which are coupled to 12-bit ADCs in turn, providing 25ps/count. This SLAC TDC system performs well. However, it was non-trivial to develop it, and it required a considerable amount of debugging/tweaking effort, especially the CFD/TAC part. To evaluate its performance, we have used commercial electronics such as LeCroy TDC2228, Philips TDC7186, Philips CFD715, etc. The most important part of the evaluation apparatus was the PiLas laser diode, 6 which provides a timing resolution of 35ps FWHM. We would not be able to develop the system at all without this light source. Fig. 6 shows examples of the amplifier output from the Burle MCP-PMT 85011-430 when the scope is triggered either by a CFD analog output signal, or the PiLas trigger. Figure 7 shows the timing performance for two different 64-pixel Burle MCP-PMTs, and a Hamamatsu H-8500 Flat-panel MaPMTs. For example, Fig. 7c shows performance of the new MCP-PMT (#16, S/N 02010410) which has a cathode-to-MCP distance of 0.75mm; this is to be compared with an older MCP-PMT (#3, S/N 05220304), which has this distance 6mm, giving much longer timing tail due to recoiling photoelectrons from the MCP top surface. Fig. 7d shows an example of a single photon timing resolution across a single MCP-PMT (#16) pad. One observes a deterioration of the resolution near the pad edges dues to the charge sharing and possible cross-talk. Figs. 7e&f show examples of the performance of the 32-channel CFD, using single photons obtained from the PiLas laser diode, and a 64-channel Burle MCP-PMT (#16) with either double Gaussian fits, or single Gaussian fits. One can conclude that a typical single Gaussian fit yields ~100ps on average. At the end, we will use a single Gaussian fit for the data analysis. At the time of writing this paper, about 90% of SLAC TDC channels performed as shown on Figs. 7e&f, the remainder are slightly worse with single Gaussian fits indicating σ ~ 120-140ps presently. However, this is still being studied and improvements are expected.
To study the ultimate timing resolution we can reach with the PiLas laser diode, we have decided to use two fast detectors: (a) a small GaP APD operating in a Geiger mode with active quenching [7] , and (b) a single pixel MCP-PMT 7 with ~10µm MCP hole diameter. The single photoelectron timing distributions were fitted with a sum of two Gaussians plus a polynomial. The data indicate that the narrower Gaussian is: σ narrow ~38ps for the APD, and σ narrow ~33ps for the MCP-PMT (this value actually did not improve with the increasing number of photoelectrons, which indicates that we are already limited by some systematic error). The measured contribution of our electronics setup gives σ electronics ~15-20ps, and the PiLas data sheets show that the laser diode light timing jitter relative to the trigger is σ PiLas ~(35/2.35) ~15ps, resulting in a total irreducible resolution of the setup of σ ∼25ps. The resulting discrepancy is either due to a larger PiLas contribution compared to the company data sheets values, or some unknown additional systematic error. In any case, we feel that the present resolution limit with the PiLas laser diode operating in the single photon mode is somewhere in the range of σ ~30-35ps.
(a) MaPMTs. 9 The measurement was done with the PiLas laser diode operating at two wavelengths 635 and 430nm. Figure 8 shows the relative response across the faces of several 64-pixel photon detectors, such as the Burle MCP-PMT, or the Hamamatsu H-8500 Flat-panel MaPMT, using the PiLas laser diode operating in the single photoelectron mode at 635 or 430nm. The PiLas laser diode beam enters a 5-meter long 62.5µm multi-mode fiber via a lens and collimator. At the detector end, it exits the fiber again by a similar "lens & collimator" package, resulting in a beam spot of ~150µm. The fiber downstream end is mounted on a precision computer-controlled x-y stage, providing small steps of typically 150µm in x-direction and 1mm in y direction. The scanning setup measures the relative response of the photon detector in the single photon mode using a <1mm spot size. The relative response measurement combines many contributions to the efficiency, such as the photocathode quantum efficiency, photoelectron transmission losses, detection efficiency, etc. A hit is accepted into the efficiency definition if it is within a time window, and it is on the same pad as the laser head is pointing to. To get a relative efficiency we normalize to the 2 inch dia. Photonis XP2262B PMT (or the DIRC PMT, ETL 9125). The electronics presently uses the final SLAC amplifier, CFD and TDC system. The laser diode power is adjusted so that the photodetector operates predominantly in the single photon counting mode, which is defined by requiring that the probability to get a single photoelectron is less than 10%. The result of our studies of these two types of photon detectors indicate that the typical relative efficiency of the Burle MCP-PMT is 50-60% of the 2 inch dia. Photonis XP 2262B PMT at 430nm, and the efficiency drops to 30-50% around the edges at 430nm. A typical relative efficiency of the Hamamatsu Flat Panel MaPMT is 50-70% of the Photonis XP 2262B PMT at 430nm, and the efficiency drops to 30-50% around the edges at 430nm. Both tubes have edge effects where the efficiency drops by ~10-20%. The measured efficiencies at 430nm are approximately consistent with expectations based on Tables 2&3. Fig. 8 also shows quite a large non-uniformity of the relative response across the face of the tubes. We find that the Hamamatsu MaPMT uniformity is typically ~1:2.5, and the Burle MCP-PMT uniformity is ~1:1.5.
SPATIAL MEASUREMENTS

AGING ISSUES
We have started to investigate the MCP-PMT aging issues. This effect is well described the literature, and it is caused by the ion bombardment of the photocathode, i.e., it is related to quality of vacuum in the tube. As the vacuum scrubbing procedures improve, one hopes this problem gets reduced. According to Burle Co., one expects a 50% photocathode degradation after an anode charge of ~200mC/cm 2 . 10 Figure 9 shows a possible indication of the aging with an older four-pad Burle MCP-PMT (S/N 08290202) using large light pulses from the PiLas laser diode. Each pulse is equivalent of ~270 photoelectrons. We observe a gain drop of 3-4% after an accumulated dose of about ~2x10 9 photoelectrons, which is equivalent to a 50% gain loss after a total charge of ~200-250 mC/cm 2 . This is actually consistent with what the Burle Co. expects. More aging tests, especially with newer tubes, are needed to develop more definitive conclusions. the PiLas laser diode. Each light pulse is equivalent of ~270 photoelectrons. We observe a gain drop of 3-4% after an accumulated dose of about ~2x10 9 photoelectrons (note that the displayed quantity is the raw ADC value in counts of one MCP-PMT pad; the pedestal is 266 counts).
CONCLUSION
This paper shows considerable progress towards the development of a new type of particle identification detector based on superior timing capability for each single Cherenkov photon. On a modest scale of a few hundred channels, we already have demonstrated the adequate timing resolution. On a scale of 25-30k pixels, which would be required for a "minimal" Focusing DIRC imaging system, we would clearly need further developments. One possible way to simplify the electronic design considerably is to go back to our original scheme, which was to use the double-threshold leading edge timing. This gives almost comparable timing resolution to the constant fraction discriminator, it is simpler, and it would allow a development of integrated electronics based on an ASIC design.
We have studied the spatial resolution of a number of MCP-PMTs and MaPMTs using a scanning setup with a spatial resolution of ~150µm. Many detailed microstructures are revealed, especially in the case of Flat Panel MaPMTs. The typical relative efficiency at 430nm, normalized to the Photonis PMT, is 50-60% for the Burle MCP-PMTs, and 60-70% in good regions for the Hamamatsu Flat panel MaPMT. Both tubes have edge effects where the efficiency drops by ~10-20%.
The photon detectors need developments as well, especially to allow operation in a magnetic field, and to improve further aging performance. We believe that this paper represents a small step towards this goal.
